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ABSTRACT
Examining the Early Stages of Adaptive Radiation in Anolis Lizards from Martinique
Patrick Alan Reiter
Director: Christopher V. Anderson, Ph.D.

Caribbean Anolis lizards have become a model system for the study of adaptive
radiation and coevolution, whereby species have diversified, specializing to use different
parts of the structural habitat in a manner that is repeated consistently on different
islands. Unlike other Caribbean islands where different species have adapted to occupy
different habitats, the island of Martinique is host to a single species, Anolis roquet,
which has not yet undergone speciation. The island, however, has two very distinct
Anolis habitats, a montane forest habitat on the interior of the island and a significantly
geologically dissimilar xeric habitat nearer the coast of the island. The Anolis that occupy
these differing habitats show considerable variation in their physical characteristics in
one environment compared to the other, although they represent populations of a single
species. This study therefore examined ecological adaptation and the effects that habitat
variation has on Anolis adaptation in the absence of species level divergence. We
analyzed data on sprint and bite performance of these two ecomorphs and measured their
morphological proportions and muscle contractile physiology as the underlying
mechanisms of possible variation within these movements.
KEYWORDS: Anolis, adaptive radiation, whole-organism performance, muscle
physiology
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CHAPTER ONE
Introduction

In the study of adaptive radiation, few organisms serve as a better model than
Caribbean Anolis lizards. Studying their movement across the islands in the Greater
Antilles, it is apparent that new species have diversified, specializing to different parts of
the structural habitat (e.g., twigs, grass, canopy). This specialization generally occurs by
way of varying their morphological proportions (e.g., limb length) in order to optimize
their performance levels (e.g., sprint speed) to match their habitat (e.g., longer limbs on
broad habitat surfaces [Hertz et al., 2013]). This method of specialization has led to a
very strong morphology-habitat relationship in Caribbean Anolis lizards. This is evident
in the fact that morphologically similar Anolis lizards have been found in strikingly
similar habitats across a number of islands in the Greater Antilles. This revelation fits the
idea that different habitats require differing performance capabilities for the success of
the organisms. Additionally, significant research has been conducted showing that
modulating morphology can be used to alter performance capabilities in Anolis lizards
(Losos, 1990). The combination of these morphology-performance and morphologyhabitat relationships results in a strong habitat to performance capability relationship.
An island of particular interest for the study of the mechanisms of adaptive
radiation is the Caribbean island of Martinique. This environmentally diverse island has a
complex geological history, making it an ideal site to study the effects of ecological
adaptation. Martinique is composed of five distinct geological regions that at one time
were separate islands but have since joined together to form the larger island of
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Martinique (Thorpe et al. 2008). This distinct separation of the island led to the
formation of several different habitats across the island in which six different subspecies
of Anolis roquet have been identified (Lazell 1972) from four modal haplotype groups
that correspond closely to the boundaries of the aforementioned geological regions
(Thorpe et al. 2003). Further, with Anolis roquet occurring in a number of disparate
habitat types, a number of ecotypes that differ considerably in their coloration and
patterning have been identified (Thorpe et al. 2012). This study focused on two
subspecies from the same modal haplotype group that inhabit distinct habitat types on the
island. One of these habitats is a montane habitat found on the highest peak of
Martinique, home to the subspecies Anolis roquet summus which spends most of its time
in and around trees. The second is a xeric coastal habitat on the northeastern part of the
island home to Anolis roquet zebrilus which spends most of its time on the ground
(Stenson and Thorpe, 2003).
Both sprint speed and bite force are very important in the survival and
diversification of Anolis lizards (Losos, 2009). Sprint speed is important for diverse
behaviors ranging from prey capture to predator avoidance. Variation in sprint speed also
may allow species to more efficiently utilize diverse habitats that benefit from different
levels of performance. Movement across narrow surfaces, for example, may benefit from
more precision and control associated with slower movements than sprinting on broader
surfaces. Similarly, the peak bite force of an organism plays a role in important
behaviors such as diet, anti-predator defense and male-to-male interactions related to
reproductive success. Different bite force capacities allow access to differing food
sources. Variations in bite force capabilities may also enable improved defensive
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mechanisms to cope with predators living in the same habitat. Finally, variation in bite
force may allow for greater chance of reproductive success in male-to-male combat
related to the pursuit of a mate (Herrel et al., 2009). Variation in bite force capabilities
allows access to new habitats and the development of these performance capabilities may
play a major role in the diversification of new species.
Complex performance traits like sprint speed or bite force are influenced by a
daunting number of structural and functional properties. For instance, variation in the
force per cross-sectional area developed during contraction would theoretically allow for
variation in the relationship between head size and bite force among species. Further,
sprint speed can be altered in one of two ways. First, a longer stride can produce faster
speeds by increasing stride lengths, which is believed to explain the established
correlation between leg length and speed among Caribbean anoles (Irschick and Jayne,
1998). An alternative pathway to faster sprint speeds would be to increase stride
frequency. For sprint speed compelling evidence from biomechanical studies of running
humans (Weyand et al., 2000, 2010) indicates that the rate at which muscles can develop
force during the stance phase sets a critical limit to top sprint speed. This observation is
consistent with comparative studies of muscle properties and sprint speed in lizards,
which demonstrate that the rate at which muscles can turn on and off (measured by twitch
kinetics) correlates with variation in sprint speed across animal size and body temperature
(Marsh & Bennett, 1985; Marsh, 1988; Marsh, 1990). Faster muscle twitch time (Marsh
and Bennett, 1985) or a proportionately larger limb muscle mass (Weyand et al., 2000)
for a given leg length would therefore allow for faster rates of force development and
more rapid limb cycling, resulting in faster sprint speeds. Although varying
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morphological proportions is a well-known means of achieving performance variation in
Anolis lizards, little attention has been paid to the second potential pathway, how changes
in muscle contractile physiology relate to these changes in performance and morphology
across habitat types and adaptive radiations. This idea paired with growing evidence that
indicates that muscle contractile physiology varies among Anolis species (Anderson &
Roberts, in prep) illustrates the possibilities for developing different performance
capabilities via variation in muscle contractile properties.
By exploring the performance-morphology-physiology relationship between two
ecomorphs occupying montane and xeric habitats of Martinique, insights into the role
that morphology and muscle physiology play in Anolis populations adapting their
performance to their environmental needs may be gained. This in turn may help answer
questions about whether Anolis change their morphology, muscle physiology, or a
combination of both to adapt as their performance needs change from one habitat to the
next and may aid in understanding how performance can be modulated by changing
physiology for a wide range of species. I therefore examined data on the morphology,
performance and muscle contractile physiology of these phenotypically different Anolis
populations, or ecomorphs, to examine ecological adaptation and the effects that
geographic variation has on Anolis adaptation in the absence of species level divergence.
I examined whole-organism performance (sprint speed and bite force
performance), morphology, and muscle contractile physiology data from Anolis roquet
summus and Anolis roquet zebrilus collected from Martinique to determine whether
performance differences exist between these ecomorphs and to determine whether these
differences can be explained by differences in either their morphology or muscle
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physiology. Performance traits were chosen for their relevance in survival capabilities of
Anolis lizards. Sprint speed was chosen for its relevance in an anti-predatory and
foraging context for Martinique anoles and thus likely crucial to the survival of an
individual. Sprint speed capacity is one of the most frequently measured performance
traits in lizards and is heritable (Van Berkum & Tsuji, 1987), repeatable (Huey &
Dunham, 1987), and ecologically relevant (Husak, 2006). Moreover, selection on sprint
speed has been demonstrated previously for Caribbean anoles (Calsbeek & Irschick,
2007). Bite force is relevant for anoles as it is likely under both strong natural (diet,
antipredator defense [Herrel et al., 2006]) and sexual selection (male-male combat
[Huyghe et al., 2005]). For lizards, bite force is expected to be a good predictor of ability
to handle different types of prey, as static crushing forces determine success in crushing
hard-shelled prey. I hypothesized that we would find differences in the peak performance
capabilities between the two ecomorphs and that these differences could be explained by
differences in muscle physiology data.
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CHAPTER TWO
Materials and Methods

Specimens
Ten adult male individuals of each Anolis roquet zebrilus and Anolis roquet
summus were collected from Martinique and brought back to the United States by Dr.
Christopher Anderson for experimental trials. Specimens were housed individually in
glass terrariums with UVB lighting and basking bulbs, ad libitum water and misting 2-3
times per day, and feeding 2-3 times per week during data collection. During the
collection of whole-organism performance and muscle contractile physiology data (see
below), individuals and isolated muscles, respectively, were maintained at 28.6ºC, the
mean field body temperature for Anolis roquet (Hertz, 1981; Hertz et al., 2013).

Morphology
For each individual, a series of morphological measurements were collected
consisting of overall body size, limb dimensions, and jaw dimensions. Body mass was
measured using a digital scale (±0.001g) and digital calipers (±0.01mm) were used to
quantify lengths. Body size and limb dimensions collected were based largely on Lowie
et al. (2019). Body size measurements gathered included: body mass, snout-vent length
(SVL), tail length (TL), body length (BL), body width (BW), and body height (BH).
Limb dimensions gathered included: femur length (FL), tibia length (TibL), metatarsus
6

length (MTL), longest hind-toe length (LHTL), humerus length (HumL), radius length
(RL), metacarpus length (MCL), and longest front-toe length (LFTL). Cranial
dimensions collected were based on Herrel & Holanova (2008), and included: head
length (HL), head height (HH), lower jaw length (LJL), jaw out-lever length (JOL), snout
length (SL), opening in-lever length (OIL), and closing in-lever length (CIL).

Whole-organism Performance
We collected performance data for bite force and sprint speed for each individual.
Sprint trials were recorded by chasing the animals up a 3m race-track at five different
inclines (0, 15, 30, 45, and 60 degrees). Sprint speed trials were repeated ten times at
each incline with no more than 5 individual sprint trials per day to increase the chance of
eliciting maximal performance (Losos et al., 2002). Sprint trials were recorded using two
high-speed cameras filming at 500 frames per second. Calibrated three-dimensional
position data of body position from each frame of all sprint trials were digitized in Matlab
using the DLTdv digitizing tool (Hedrick, 2008). Position data were subsequently
analyzed to calculate sprint performance measures including: peak velocity, peak
acceleration, constant velocity average, and peak power. The highest performance value
across trials for each individual at each incline was retained for analyses as a
representation of an individual’s maximal sprint capacity at that incline.
Bite forces were measured using a Kistler isometric force transducer mounted in a
custom-designed holder and attached to a Kistler charge amplifier. All bite force trials
were filmed with a high-speed camera in order to standardize bite position on the jaw
(Lappin & Jones, 2014). Each individual was tested five times and the maximal
7

normalized bite force obtained for each individual was used as an indicator of an
individual’s maximal bite force capacity.

Muscle Physiology
For each individual, in vitro muscle contractile physiology data were collected for
one limb muscle and one jaw muscle. For jaw muscle performance, the M. adductor
mandibulae externus superficialis anterior was examined, as this jaw muscle is easily
accessible and well-suited for in vitro studies (Herrel et al., 2007). For the limb muscle
the M. ambiens pars ventralis, a knee extensor muscle, was used because knee extensor
muscle mass has been shown to correlate with both sprint and acceleration capacity in
anoles (Vanhooydonck et al., 2006). Muscles were isolated and maintained in oxygenated
ringer solution in a muscle chamber. An Aurora Instruments muscle ergometer run by a
custom Igor Pro 6 script was used to measure muscle force and length under a range of
contractile conditions under maximal stimulation from a Grass stimulator (Azizi &
Roberts, 2010). A series of twitch, isometric, and isotonic contractions were collected to
calculate the following muscle contractile physiology measures: twitch time, a measure
of muscle activation and deactivation speed measured as the time from a single muscle
stimulus to the point of 50% relaxation; tetanic L20, a measure of muscle stiffness
measured as the relative muscle length at which passive tension reaches 20% of peak
tetanic tension; specific tension, a normalized measure of muscle force measured as peak
tetanic tension per physiological cross sectional area of the muscle; peak contractile
velocity, a measure of maximal muscle shortening velocity under no load; peak power, a
measure of the maximum rate of energy release during muscle contractile; power ratio, a
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measure of the curvature of the force-velocity tradeoff during muscle contraction; and the
normalized velocity at peak power , a measure of what relative velocity power output is
maximized.

Statistical Analysis
A series of linear mixed models testing for an effect of subspecies on all measured
morphological measurements with snout vent length as a covariate nested within
individual as a random effect, was first performed to look for differences in
morphological proportions. The following principal component analyses (PCAs) were
then performed to pool and quantify differences in morphological proportions and for
inclusion in statistical models of whole-organism performance. The first PCA included
all of the measured morphometric variables to quantify all morphological variation to
examine overall variation patterns among our two subspecies. A second PCA included
only measurements related to body size to generate a pooled variable for inclusion in
sprint performance statistical analyses that accounted for all variation in body
proportions. A third PCA included only limb lengths to generate a pooled variable for
inclusion in sprint performance statistical analyses that accounted for all variation in limb
proportions. Finally, a fourth PCA included only head lengths to generate a pooled
variable for inclusion in bite performance statistical analyses that accounted for all
variation in cranial proportions. These analyses produced a series of dimension variables
that pool all observed morphological variation included in the PCA by relative
importance in explaining variation among individuals. The first of these dimensions
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(PC1) for each PCA explains the majority of observed variation among individuals for all
morphometric variables included in the analysis (see below).
A linear mixed model testing for an effect of subspecies and incline degree on
peak sprint performance data with incline nested within individual as a random effect and
PC1 from the PCA with all morphometric data as a covariate was performed to test for
variation in sprint performance. A linear mixed model testing for an effect of subspecies
on peak bite performance with individual as a random effect and PC1 from the PCA with
all morphometric data as a covariate was performed to test for variation in normalized
peak bite performance.
In addition to the series of linear mixed models and principal component analyses,
average repeatability coefficients (RC) were calculated for all performance variables
based on the equation RC = 19.6 x √2 x SD, where SD equals the standard deviation
among all like trials. These average repeatability coefficients were used to determine
how consistently the measured individuals performed in their performance trials. It is
useful to attempt to understand if the individuals in the trials are consistently performing.
Individuals with a low repeatability score provide more reliable and consistent data than
those with a high repeatability score.
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CHAPTER THREE
Results
Morphology
Of the ten original individuals of each subspecies collected, morphological data
was collected from nine individuals of both subspecies due to the loss of one individual
of each subspecies prior to the completion of the study. Overall, Anolis roquet summus
ranged from 60.30 – 80.33mm in snout-vent length, whereas Anolis roquet zebrilus
ranged from 70.54 – 81.4mm. On average, Anolis roquet zebrilus was larger for every
measured morphological variable (Table 1). The results of the statistical analyses on
morphometric data illustrated that a number of variables demonstrated statistically
significant differences between subspecies. Significant differences were observed for:
body width, body height, femur length, tibia length, metatarsal length, humerus length,
snout length, jaw out-lever length, lower jaw length, head height, and head length (Table
2).
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Table 1. Summary of morphometric measurements
Anolis roquet summus
Sample
Mean ± SEM
Variable
size
Mass (g)
9
8.062 ± 0.722
Snout-Vent Length (mm)
9
71.709 ± 1.895
Tail Length (mm)
9
126.860 ± 4.207
Body Length (mm)
9
30.949 ± 1.102
Body Width (mm)
9
11.013 ± 0.358
Body Height (mm)
9
10.649 ± 0.416
Femur Length (mm)
9
16.567 ± 0.482
Tibia Length (mm)
9
16.093 ± 0.504
Metatarsus Length (mm)
9
8.623 ± 0.354
Longest Hind-Toe Length (mm)
9
10.670 ± 0.313
Humerus Length (mm)
9
11.928 ± 0.345
Radius Length (mm)
9
10.201 ± 0.362
Metacarpus Length (mm)
9
3.171 ± 0.179
Longest Front-Toe Length (mm)
9
5.657 ± 0.252
Head Length (mm)
9
19.592 ± 0.441
Head Height (mm)
9
7.954 ± 0.161
Lower Jaw Length (mm)
9
19.880 ± 0.490
Jaw Out-Lever Length (mm)
9
18.407 ± 0.458
Snout Length (mm)
9
13.810 ± 0.370
Opening In-Lever Length (mm)
9
1.473 ± 0.162
Closing in-Lever Length (mm)
9
4.597 ± 0.214
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Anolis roquet zebrilus
Sample
Mean ± SEM
size
9
9.412 ± 0.480
9
76.167 ± 1.266
9
126.104 ± 10.803
9
32.867 ± 0.760
9
12.298 ± 0.343
9
12.063 ± 0.933
9
17.742 ± 0.346
9
17.263 ± 0.291
9
9.540 ± 0.332
9
11.131 ± 0.232
9
12.972 ± 0.305
9
10.817 ± 0.195
9
3.371 ± 0.250
9
6.109 ± 0.166
9
20.162 ± 0.280
9
8.288 ± 0.138
9
20.714 ± 0.289
9
19.297 ± 0.341
9
14.446 ± 0.275
9
1.418 ± 0.113
9
4.851 ± 0.126

Table 2: Results of statistical analysis of morphometric data.
significant effects.
Subspecies
Variable
Df
F-value
P-value
Snout Vent Length
1
3.83
0.0682
Mass
1
2.43
0.1388
Tail Length
1
0.0041
0.9469
Body Length
1
9.24
0.0083
Body Width
1
8.08
0.0124
Body Height
1
1.81
0.1980
Femur Length
1
13.07
0.0025
Tibia Length
1
10.46
0.0056
Metatarsus Length
1
6.38
0.0233
Longest Hind-Toe Length
1
2.73
0.1195
Humerus Length
1
10.27
0.0059
Radius Length
1
3.28
0.0900
Metacarpus Length
1
1.20
0.2905
Longest Front-Toe Length 1
0.93
0.3513
Head Length
1
4.80
0.0447
Head Height
1
10.92
0.0048
Lower Jaw Length
1
9.45
0.0077
Jaw Out-Lever Length
1
19.97
0.00005
Snout Length
1
8.39
0.0111
Opening In-Lever Length
1
0.076
0.7863
Closing in-Lever Length
1
1.34
0.2644

Bold P-values indicate

df

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Snout Vent Length
F-value
P-value

0.58
56.99
3.93
0.15
38.28
26.44
13.61
16.18
16.97
8.45
4.43
0.012
49.36
55.79
55.34
116.45
55.50
0.42
5.50

0.4575
<.0001
0.0660
0.7009
<.0001
0.001
0.0022
0.0011
0.0009
0.0108
0.0526
0.9134
<.0001
<.0001
<.0001
<.0001
<.0001
0.5291
0.0332

The first dimension of the principal component analysis (PC1) of all
morphological variables accounted for 56.53% of the observed morphological variation,
with subsequent dimensions accounting for less than 10% each (Figure 1). PC1 was
characterized largely by differences in mass, snout-vent length, body length, body width,
body height, femur length, tibia length, metatarsus length, longest hind-toe length,
humerus length, radius length, head length, head height, lower jaw length, jaw out-lever,
and snout length, whereas PC2 was characterized mostly by differences in tail length,
opening in-lever, closing in-lever, metacarpus length, and longest front-toe length (Figure
13

2). The principal analysis clustering illustrates that considerable overlap exists between
the two subspecies in their morphological dimensions (Figure 2).

Figure 1. Dimensions created by principal component analysis of all morphometric
variables illustrating percentage of explained variances between subspecies.

Figure 2. Results from a principal components analysis of all morphological variables
depicting PC1 and PC2, and the contribution of different morphological variables
associated with each PC axis. Individuals are grouped by color in their respective
subspecies. BH, body height; BL, body length; BW, body width; CIL, closing in-lever;
FL, femur length; HH, head height; HL, head length; HumL, humerus length; JOL, jaw
14

out-lever; LFTL, longest front-toe length; LHTL, longest hind-toe length; LJL, lower
jaw-length; MCL, metacarpus length; MTL, metatarsus length; OIL, opening in-lever;
RL, radius length; SL, snout length; SVL, snout-vent length; TibL, tibia length; and TL,
tail length.
A second PCA examining only the measured morphometric variables relating to
body size produced a first dimension (PC1) that accounted for 57.63% of the observed
morphological variation in body size, with subsequent dimension accounting for less than
20% each (Figure 3). PC1 was characterized largely by differences in mass, snout-vent
length, body length, and body width, whereas PC2 was characterized mostly by
differences in body height and tail length (Figure 4), once again illustrating considerable
overlap between the two subspecies in body size morphological dimensions (Figure 4).

Figure 3. Dimensions created by principal component analysis of body size
morphometric variables illustrating percentage of explained variances.
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Figure 4. Results from a principal components analysis of body size morphological
variables depicting PC1 and PC2, and the contribution of different morphological
variables associated with each PC axis. Indications as in Figure 2.
The third PCA examined morphological variation in limb size and considered
only the measured morphometric variables relating to limb size. PC1 of limb size
morphological variables accounted for 64.35% of the observed variation in body size
morphometric variables with subsequent dimensions accounting for less than 15% each
(Figure 5). PC1 was characterized largely by differences in femur length, tibia length,
metatarsus length, left hind-toe length, humerus length, and radius length, whereas PC2
was characterized mostly by differences in longest front-toe length and metacarpus length
(Figure 6). As with the other PCAs, the principal analysis illustrated that considerable
overlap exists between the two subspecies in limb size morphological dimensions (Figure
6).
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Figure 5. Dimensions created by principal component analysis of limb size morphometric
variables illustrating percentage of explained variances.

Figure 6. Results from a principal components analysis of limb size morphological
variables depicting PC1 and PC2, and the contribution of different morphological
variables associated with each PC axis. Indications as in Figure 2.
17

Finally, a fourth PCA examined morphological variation in head size and
considered only the measured morphometric variables relating to head dimensions. PC1
of head size morphological variables accounted for 68.93% of the observed variation in
head size morphometric variables with subsequent dimensions accounting for less than
20% each (Figure 7). PC1 was characterized largely by differences in head length, head
height, lower jaw-length, jaw out-lever, and snout length, whereas PC2 was characterized
mostly by differences in opening in-lever and closing in-lever (Figure 8). The principal
analysis illustrated that even though there are a number of variables related to head
dimensions that show significant differences between subspecies (Table 2), there is still
considerable overlap present between the two subspecies in head size morphological
dimensions (Figure 8).

Figure 7. Dimensions created by principal component analysis of cranial size
morphometric variables illustrating percentage of explained variances.
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Figure 8. Results from a principal components analysis of cranial size morphological
variables depicting PC1 and PC2, and the contribution of different morphological
variables associated with each PC axis. Indications as in Figure 2.
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Performance
Bite performance data illustrate that on average Anolis roquet zebrilus exhibited
stronger peak bite force capabilities than Anolis roquet summus (Table 3). This
difference in bite performance between subspecies was statistically significant, as was the
effect of morphological dimensions as quantified by PC1 from the PCA of cranial
dimensions (Table 4). There was, however, no significant effect present for the
interaction of PC1 and subspecies.
The raw performance data illustrated a large amount of variability in sprint
performance in both subspecies across inclines (Table 3). In fact, neither subspecies nor
any of the morphological PC variables explained sprint performance, whereas incline had
an effect on peak velocity, constant velocity average, and peak acceleration (Table 4). A
significant effect of incline degree on all sprint performance parameters except peak
power was also observed, while the interaction between subspecies and PC1 did not have
a significant effect on any of the measured sprint performance variables (Table 4).
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Table 3. Summary of performance measurements
Anolis roquet summus
Variable
Bite Force
Peak Normalized Bite Force (N)

Anolis roquet zebrilus

Sample
size

Mean ± SEM

Sample
size

Mean ± SEM

10 (5)

5.68 ± 0.21

10 (5)

6.45 ± 0.18

Sprint Performance
0º Incline
Peak Velocity (m s-1)
9 (10)
2.64 ± 0.15
9 (10)
2.59 ± 0.13
-1
Constant Velocity Average (m s )
9 (10)
2.32 ± 0.16
9 (10)
2.25 ± 0.14
Peak Acceleration (m s-2)
9 (10)
48.86 ± 6.06
9 (10)
43.29 ± 5.49
Peak Power (W kg-1)
9 (10)
74.54 ± 13.26
9 (10)
63.41 ± 9.71
15º Incline
Peak Velocity (m s-1)
9 (10)
2.46 ± 0.13
9 (10)
2.57 ± 0.16
Constant Velocity Average (m s-1)
9 (10)
9 (10)
2.12 ± 0.10
2.24 ± 0.16
-2
Peak Acceleration (m s )
9 (10)
41.54 ± 4.11
9 (10)
47.79 ± 4.69
-1
Peak Power (W kg )
9 (10)
61.10 ± 8.48
9 (10)
81.54 ± 11.75
30º Incline
Peak Velocity (m s-1)
9 (10)
2.30 ± 0.10
10 (9-10)
2.31 ± 0.10
-1
Constant Velocity Average (m s )
9 (10)
10 (9-10)
1.95 ± 0.09
1.91 ± 0.13
-2
Peak Acceleration (m s )
9 (10)
44.34 ± 3.56
10 (9-10) 47.72 ± 5.83
Peak Power (W kg-1)
9 (10)
10 (9-10) 69.19 ± 9.52
68.45 ± 6.72
45º Incline
Peak Velocity (m s-1)
10 (10)
10 (10)
2.41 ± 0.12
2.56 ± 0.17
-1
Constant Velocity Average (m s ) 10 (10)
2.14 ± 0.08
10 (10)
2.29 ± 0.15
Peak Acceleration (m s-2)
10 (10)
47.22 ± 4.69
10 (10)
38.67 ± 3.68
-1
Peak Power (W kg )
10 (10)
71.89 ± 9.57
10 (10)
76.41 ± 10.91
60º Incline
Peak Velocity (m s-1)
10 (7-10)
2.04 ± 0.07
10 (10)
2.20 ± 0.10
Constant Velocity Average (m s-1) 10 (7-10)
10 (10)
1.85 ± 0.06
1.96 ± 0.10
-2
Peak Acceleration (m s )
10 (7-10) 31.31 ± 1.49
10 (10)
31.63 ± 2.27
-1
Peak Power (W kg )
10 (7-10) 47.91 ± 4.69
10 (10)
54.08 ± 4.44
The total number of individuals data was gathered from is presented for each variable as well as
the range in the number of trials per individual (in parentheses) in the sample size column.
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Table 4. Statistical analysis of performance data
Subspecies
df
F-value
P-value
Variable
Peak Velocity
1
0.73
0.4074
Constant Velocity Avg. 1
0.45
0.5114
Peak Acceleration
1
0.9281
0.0084
Peak Power
1
0.5248
0.43
0.0258
Peak Bite Force
1
6.22
Bold P-values indicate significant effects.

df
1
1
1
1

Incline degree
F-value
P-value
<.0001
19.95
0.0073
7.64
0.0007
12.60
0.0551
3.80
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df
1
1
1
1
1

AllPC1
F-value
0.56
0.27
0.0001
0.0047
12.29

P-value
0.4650
0.6114
0.9926
0.9464
0.0035

Subspecies X AllPC1
df F-value P-value
1
1.38
0.2596
1
0.83
0.3779
1
0.65
0.4347
1
1.44
0.2494
1
0.073
0.7915

Examination of the repeatability of the performance data illustrated a high
repeatability of bite force, peak velocity and constant velocity average (Table 5). It was
also observed that the calculated repeatability coefficient was very close for both
subspecies for all performance variables with the exception of peak acceleration. The
repeatability coefficient was within one for all variables except peak acceleration (Table
5). This consistency in repeatability between the two subspecies illustrates a level of
consistent performance for both subspecies.

Table 5. Average repeatability coefficients calculated for all performance parameters.
Anolis roquet summus

Anolis roquet zebrilus

Average Repeatability
Coefficient
2.283749284

Average Repeatability
Coefficient
2.770283903

Peak Velocity (m s-1)

0.930144585

0.83160594

Constant Velocity Average (m s-1)

0.928126873

0.956347113

Peak Acceleration (m s-2)

23.87892576

32.96579912

Peak Power (W kg-1)

62.24177711

61.22355343

Variable
Peak Normalized Bite Force (N)

23

Muscle physiology
Very little variability between the subspecies for both jaw and leg muscles was
observed among muscle contractile data (Table 6). There was however considerable
variability observed between jaw and leg muscles for both subspecies. A linear mixed
model was created to further examine the potential effect of subspecies and muscle type
on important muscle contractile properties. The results of this linear mixed model
illustrate that there is a strong effect of muscle (jaw vs. leg) on all muscle contractile
properties except Tetanic L20 (Table 7). There was however no significant effect
observed for subspecies on Twitch Time, Tetanic L20, Specific Tension, Vmax, or Wmax.
There was a significant effect of subspecies on both Power Ratio and the Normalized
Velocity at Wmax (Table 7).
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Table 6. Summary of muscle contractile physiology measurements

Variable
Jaw Muscle Data
Twitch Time (s)
Tetanic L20 (L L0-1)
Specific Tension (N cm-2)
Max Velocity (L0 s-1)
Max Power (W kg-1)
Power Ratio
Velocity at Max Power (V Vmax-1)
Leg Muscle Data
Twitch Time (s)
Tetanic L20 (L L0-1)
Specific Tension (N cm-2)
Max Velocity (L0 s-1)
Max Power (W kg-1)
Power Ratio
Velocity at Max Power (V Vmax-1)

Anolis roquet summus
Sample
Mean ± SEM
size

Anolis roquet zebrilus
Sample
Mean ± SEM
size

9
6
6
6
6
6
6

0.044 ± 0.002
1.29 ± 0.03
17.59 ± 2.25
10.91 ± 0.54
167.77 ± 22.39
0.09 ± 0.01
0.31 ± 0.01

9
9
9
9
9
9
9

0.047 ± 0.002
1.43 ± 0.04
23.33 ± 1.83
12.21 ± 0.51
213.82 ± 23.88
0.08 ± 0.01
0.28 ± 0.01

9
9
9
9
9
9
9

0.024 ± 0.001
1.44 ± 0.04
57.60 ± 3.78
10.55 ± 0.60
389.98 ± 31.40
0.16 ± 0.002
0.41 ± 0.003

9
9
9
9
9
9
9

0.027 ± 0.001
1.37 ± 0.02
48.10 ± 7.80
9.96 ± 0.53
305.38 ± 57.26
0.15 ± 0.01
0.39 ± 0.01

Table 7. Statistical analysis of muscle physiology data. Bold P-values indicate significant
effects.
Subspecies
Muscle Type
Variable
df F-value
P-value
df
F-value
P-value
Twitch Time (s)
1
4.19
0.0573
1
237.91
<.0001
Tetanic L20 (L L0-1)
1
0.09
0.7636
1
0.35
0.5635
-2
Specific Tension (N cm )
1
1.35
0.2619
1
42.32
<.0001
-1
Max Velocity (L0 s )
1
0.32
0.5767
1
11.49
0.0045
Max Power (W kg-1)
1
1.07
0.3168
1
17.45
0.0009
Power Ratio
1
12.51
0.0027
1
140.60
<.0001
-1
Velocity at Max Power (V Vmax ) 1
11.64
0.0036
1
120.63
<.0001
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CHAPTER FOUR
Discussion

While the ultimate result of adaptive radiation in Caribbean Anolis lizards has been well
documented by the repeated evolution of specific ecomorphs with consistent morphologies on
each major Caribbean island (Losos, 1990), relatively little is known about the process by which
Anolis lizards begin to change as they diversify to occupy these new habitats. By studying two
genetically closely related subspecies that are not believed to have diverged at a species level,
but that occupy significantly different habitats I hoped to be able to understand the changes that
first begin to take place for the organisms to adapt to new habitats. By examining morphology,
performance, and muscle physiology I was able to look at how these variables interact to meet
the needs of the organism in their respective habitats. In particular, I hoped to gain insight into
whether a developing ecomorph may change its morphology or the physiological capacity of its
muscles to meet new functional demands of performance associated with their habitat.
Analysis of morphometric data shows that most of the observed variation between the
two subspecies was related to their head dimensions. Relatively little variation was observed in
most limb and body dimension data, but over 70% of the head dimension variables measured
showed statistical difference between the two subspecies. These differences correlate with
observed variation in peak bite force capabilities. While no significant differences in sprint
performance were observed between subspecies, there was a significant difference in the peak
bite force capabilities of the two subspecies. Anolis roquet zebrilus had a higher peak bite force
than Anolis roquet summus, and similarly had larger head dimensions.
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The performance and morphology results suggest that changes in morphology, as
opposed to changes in muscle physiology, likely serve as the initial modification to achieve
changes in performance associated with the differing functional demands of diverse habitats. In
this case, it also seems that divergence in bite performance may be an earlier driver of adaptive
radiation than specialization of sprint performance and its associated features.
Observed variation in peak bite force capabilities between subspecies may be driven by
either natural or sexual selection. Bite force is an important determinant of fitness because of its
impact on diet and anti-predator defense, and thus natural selection may play an important role in
shaping bite force variation (Herrel et al., 2006) Further, bite force is also known to be an
important determinant in the outcome of male-to-male combat and reproductive competition,
providing a mechanism by which sexual selection may also shape variation in bite performance
(Huyghe et al., 2005). Ultimately, by changing their morphology Anolis roquet zebrilus and
Anolis roquet summus are able to change their performance capabilities to better survive in
different habitats.
The patterns observed in the data collected from these experiments may not be
representative of other adaptive radiations. These results may also be heavily dependent on
specific habitat types, but little can be known until more research is conducted. To gain a
broader understanding of patterns across adaptive radiations more research will have to be done.
It would be very useful to conduct more experiments with specimens from other subspecies on
Martinique, particularly subspecies belonging to different modal haplotype groups. These
further studies could provide additional insight as the two studied subspecies may have been too
similar to show a significant signal. It is also possible that some of the trends in locomotor
performance could have been obscured because of issues with the signal to noise ratio, as
depicted by relatively high repeatability constants within locomotor performance parameters. It
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is entirely possible that because of the great variability in sprint performance that we were unable
to detect subtle changes that may be occurring in peak performance capacity at this stage of
diversification.
This project helps to gain an understanding of the roles that both morphology and muscle
physiology play in adapting performance to different ecological environments for potentially
many different species. Because Anolis lizards are a well-known model of adaptive radiation
and convergent evolution, work on these lizards offers the opportunity to further evolutionary
research by examining these processes within a species that has not yet diverged at the species
level. Further, this work helps to improve our understanding of the relationship between both
morphology and muscle physiology to whole organism performance, possibly having wideranging applications that go beyond that of Anolis. Because of the comparative studies
highlighting the shared relationship between muscle properties and sprint speed for lizards and
humans this research has the potential to provide direct insight into the relationship between
morphology, muscle physiology, and performance for human performance.
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